Cortical interneurons originate from subpallial precursors and migrate into the cortex during development. Using genetic lineage tracing in transgenic mice we examine the contribution of two germinal zones, the septum and the lateral ganglionic eminence/caudal ganglionic eminence (LGE/CGE) to interneurons of the cortex. We find that the septal neuroepithelium does not generate interneurons for the neocortex. There is, however, clear migration of cells from the LGE/CGE to the cortex. Comparison of the dynamics of cortical colonization by the two major cohorts of interneurons originating in the medial ganglionic eminence (MGE) and the LGE/CGE has shown differences in the timing of migration and initial route of entry into the cortex. LGE/CGE-derived interneurons enter the cortex later than the MGE-derived ones. They invade the cortex through the subventricular/intermediate zone route and only later disperse within the cortical plate and the marginal zone. During the first postnatal week MGE interneurons move extensively to acquire their laminar position within the cortical plate whereas LGE/CGE-derived cells remain largely within the upper layers of the cortex. The two populations intermingle in the adult cortex but have distinct neurochemical properties and different overall distributions. LGE/CGE-derived interneurons account for one third of the total GABAergic interneuron population in the adult cortex.
Introduction
GABAergic interneurons in the adult cortex display a large diversity in axonal morphology, neurochemical content and physiological properties. The identity of these cells is specified during development when different neuroepithelial precursor pools generate distinct interneuron subtypes (Batista-Brito and Fishell, 2009) . A large number of cortical GABAergic interneurons are born in the medial ganglionic eminence (MGE). Transplantation studies and mouse mutant analysis (Wonders and Anderson, 2006) , as well as more recent genetic fate-mapping work (Fogarty et al., 2007; Miyoshi et al., 2007 ; Q. Xu et al., 2008; Sousa et al., 2009) , have clearly defined the spectrum of interneurons generated from MGE precursors.
Another identified source of cortical interneurons is the caudal ganglionic eminence (CGE) (Nery et al., 2002; Butt et al., 2005; Yozu et al., 2005) . The lateral ganglionic eminence (LGE), and its caudal extension, the dorsal CGE (dCGE), are molecularly distinct from the MGE (Flames et al., 2007) . The identity of interneurons generated from the LGE/dCGE has been more difficult to define by transplantation studies due to extensive cell migration and mixing in the subpallium. The lack of molecular markers that uniquely identify the LGE/dCGE and distinguish it from the MGE had precluded any comprehensive genetic lineage tracing. More recently, however, an inducible genetic labeling strategy allowed labeling of CGE-derived cells and identification of interneuron subtypes generated from this region .
The MGE and the dCGE are the two major sources of GABAergic interneurons for the cortex. Other potential sources include the preoptic area (POA) and the septum. A small number of cortical interneurons that represent a homogenous population of cells are indeed generated from the POA and migrate to the cortex (Gelman et al., 2009) . Evidence supporting the idea that the septum may be a major source of cortical interneurons has come from mice lacking the transcription factor VAX1, which show complete loss of septal structures and severe reduction of interneurons in the cortex (Taglialatela et al., 2004) .
Once they reach the cortex, interneurons from the subpallium continue to migrate tangentially to disperse within the cortex (Ang et al., 2003; Tanaka et al., 2003 Tanaka et al., , 2006 Tanaka et al., , 2009 ) before switching to a radial migration mode to enter the cortical plate and acquire their final position (Nadarajah et al., 2002; Tanaka et al., 2003; Yokota et al., 2007) . Some of the signals that guide their movements within the cortex have been identified (Stumm et al., 2003; Flames et al., 2004; Tiveron et al., 2006; Li et al., 2008; Ló pezBendito et al., 2008; Stanco et al., 2009) . It is unknown whether interneurons with distinct origins follow different routes and cues to reach the cortex.
Using genetic lineage tracing we examined the contribution of septal precursors to cortical neurons. To label LGE/dCGEderived cells we used a subtractive fate-mapping approach. This allowed us to visualize migrating LGE/dCGE-derived cortical interneurons separately from the MGE-derived ones and follow their routes through the cortex as well as their fate in the adult brain.
Materials and Methods

Transgenic mice. The Nkx2.1-Cre
Tg and Lhx6-Cre Tg transgenic mice have been described previously (Kessaris et al., 2006; Fogarty et al., 2007) . Mice expressing Cre under control of the Zic4 gene and the Dlx1-Venus fl mice were generated using bacterial artificial chromosome (BAC) transgenic technology. The codon-improved Cre recombinase (iCre) (Shimshek et al., 2002 ) containing a nuclear localization signal was fused to the translation initiation codon of Zic4 using a PCR-based approach. This was followed by a simian virus 40 (SV40) polyadenylation signal and a bacterial kanamycin selection cassette that was flanked by FRT sites. For Dlx1-Venus fl a loxP site was inserted in exon 1, 345 bp upstream of the ATG. The Venus open reading frame (ORF) (Nagai et al., 2002; Shimshek et al., 2002) was fused to the ATG of Dlx1, followed by a downstream loxP site, an SV40 polyA and the removable bacterial selection cassette. Recombination resulted in removal of 310 bp downstream of the Dlx1 ATG in exon 1. BAC modification was performed in a bacterial system as described previously (Lee et al., 2001) . The bacterial antibiotic selection cassettes were removed before microinjection of the constructs into fertilized eggs. All mice used in this study were maintained on a mixed C57BL/6/CBA background. Mouse colonies were maintained at the Wolfson Institute for Biomedical Research, University College London, in accordance with United Kingdom legislation.
Three reporter mice for Cre recombinase have been used in this study: Rosa26R-green fluorescent protein (GFP) (Mao et al., 2001 ) (obtained from The Jackson Laboratory), Rosa26R-LacZ (Soriano, 1999) , and Rosa26R-yellow fluorescent protein (YFP) (Srinivas et al., 2001) . Upon Cre-mediated recombination, the three mice express GFP, LacZ and YFP, respectively, under control of the Rosa26 promoter.
Tissue preparation. The day of the vaginal plug was considered embryonic day 0.5 (E0.5). For postnatal studies, the birth date was considered day 0. Unless otherwise stated, whole embryo heads (for embryos younger than E13.5) or isolated brains (for embryos older than E13.5) for immunohistochemistry or in situ hybridization were fixed overnight by immersion in 4% (w/v) paraformaldehyde (PFA) in PBS. Postnatal animals were anesthetized and perfused with 4% (w/v) PFA through the left ventricle of the heart. Adult brains [older than postnatal day 30 (P30)] were removed from surrounding tissue, sliced into 2 mm slices using a rodent brain matrix (Agar Scientific), and immersed in 4% PFA overnight. Fixed samples were cryoprotected overnight by immersion in 20% (w/v) sucrose/PBS that had been pretreated with diethyl pyrocarbonate (DEPC) (Sigma), embedded in optimal cutting temperature (OCT) compound (Tissue Tek; Raymond Lamb Ltd Medical Supplies) and frozen on dry ice. All samples were stored at Ϫ80°C until needed.
In situ hybridization. Solutions used for in situ hybridization were pretreated with 0.1% DEPC. Sections 18 m in thickness were collected onto Superfrost Plus microscope slides (VWR International) and allowed to air dry. Hybridization buffer containing digoxigenin (DIG)-labeled antisense RNA probe (prepared according to manufacturer's instructions and diluted 1:1000 in hybridization buffer), was applied onto the slides and sections were covered with a coverslip. The hybridization buffer was made up with 50% v/v deionized formamide (Sigma), 1ϫ "Salts" [2 M NaCl, 50 mM EDTA, 100 mM Tris-HCl, pH7.5, 50 mM NaH 2 PO 4 ⅐ 2H 2 O, 50 mM Na 2 HPO 4 , 0.1 mg/ml tRNA from baker's yeast (phenol chloroform extracted, Roche Diagnostics)], 1ϫ Denhardt's solution (Sigma), and 10% w/v dextran sulfate (predissolved in DEPCtreated water and maintained at 4°C as 50% stock). Hybridization was performed at 65°C overnight in a chamber humidified with 50% v/v deionized formamide containing 1ϫ SSC buffer. Sections were washed three times at 65°C for 30 min each in prewarmed wash solution (50% v/v formamide, 1ϫ SSC, 0.1% Tween 20), followed by two washes in 1ϫ MABT (100 mM maleic acid, 150 mM NaCl, pH 7.5, 0.1% Tween 20) at room temperature also for 30 min each. Blocking was performed using 2% w/v Blocking Reagent (Roche Diagnostics), 10% v/v heat-inactivated sheep serum (Sigma) in 1ϫ MABT for 1 h at room temperature and anti-DIG antibody conjugated with alkaline phosphatase (AP) (Roche Diagnostics) diluted 1:1500 in blocking solution was applied overnight at 4°C. Excess anti-DIG antibody was washed 3 times for 15 min each at room temperature in 1ϫ MABT and sections were equilibrated in 100 mM NaCl, 100 mM Tris-HCl, pH 9.5, 0.1% Tween 20 for 10 min. Development was performed at 37°C for 4 -8 h with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate in freshly prepared staining solution containing 100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris-HCl, pH 9.5, and 0.1% Tween 20. To increase sensitivity, 5% (w/v) polyvinyl alcohol was included during staining. Sections were washed in tap water and gradually dehydrated in ethanol before being mounted in DePex mounting medium (VWR International).
To detect Nkx2.1 and Zic4 transcripts simultaneously, the sections were hybridized with Nkx2.1-DIG and Zic4-FLUO-labeled RNA probes. Following washes and blocking of the sections as described above, anti-DIG-AP antibody was applied and developed using Fast Red (Roche) as the substrate. The sections were washed in PBS, endogenous peroxidase activity was blocked by incubation with 3% H 2 O 2 in PBS for 15-30 min and incubated with anti-FLUO-peroxidase (POD)-conjugated antibody (1:1500, Roche), for 1 h at room temperature. Sections were washed 3 times 10 min each in 0.1 M Tris-HCl, pH7.5, 0.15 M NaCl, 0.05% Tween 20, and the POD signal was developed by incubating the sections with Tyramide-FITC amplification buffer (1:50, TSA-Plus, PerkinElmer) for 10 min, at room temperature. Sections were washed 3 times 5 min each in PBS-Triton X-100 and mounted with Dako Fluorescence Mounting Medium.
For in situ hybridization followed by immunohistochemistry (for simultaneous detection of Gad67 transcripts and Venus) on adult brain sections, the Gad67-DIG RNA probe was detected with an anti-DIG-POD-conjugated antibody followed by incubation with Tyramide-Cy3 (1:100, TSA-Plus, PerkinElmer) for 10 min at room temperature. The reaction was stopped with 3% H 2 O 2 before the sections were used for immunodetection of Venus (see Immunohistochemistry, below).
The following plasmids were used to generate RNA probes: IMAGE clone 5694793 for Zic1 (linearized with AscI and transcribed with T3 RNA polymerase), IMAGE clone 2779975 for Zic2 (linearized with EcoRI and transcribed with T3 RNA polymerase), IMAGE clone 6400880 for Zic4 (linearized with EcoRI and transcribed with T3 RNA polymerase), IMAGE clone 374236 for Gad1 (Gad67 ) (linearized with XhoI and transcribed with T3) and a fragment from the Nkx2.1 cDNA (linearized with EcoRI and transcribed with T7 RNA polymerase) (a kind gift from S. Kimura, National Cancer Institute, National Institutes of Health, Bethesda, MD).
Immunohistochemistry. Immunohistochemical detection was performed as described previously (Fogarty et al., 2007) . Briefly, immunolabeling of calbindin (CB), calretinin (CR), parvalbumin (PV), somatostatin (SST), neuropeptide Y (NPY), reelin (RLN), vasoactive intestinal peptide (VIP), and Venus on adult mice was performed on 30 m floating cryosections (postnatal day 30 or older). Sections from embryonic brains (18 m thickness) were collected directly onto Superfrost plus slides. All sections were blocked at room temperature in PBS containing 10% heatinactivated sheep serum (Sigma) and 0.1% Triton X-100 (Sigma) for a minimum of 1 h. For immunodetection of Venus or GFP using the rat anti-GFP antibody, sections were not allowed to dry out at any stage before application of the primary antibody. Primary antibodies were applied overnight at 4°C. Secondary antibodies were applied for Ͼ60 min at room temperature. All antibodies were diluted in block solution. Fol-lowing antibody treatment, sections were treated with Hoescht 33258 (1:10 4 , Sigma) to detect cell nuclei and washed with PBS. Immunostained floating sections were transferred onto Superfrost Plus slides and air-dried. For detection of Venus on slides containing sections previously treated for in situ hybridization for Gad67, the sections were incubated with a chick anti-GFP antibody. The immunosignal was detected with a biotin-conjugated secondary antibody, amplified using the ABC kit (Vector Labs) and developed using Tyramide-FITC as described above. ABC amplification followed by Tyramide-Cy3 development was also used for detection of LHX6. All sections were mounted in Dako Fluorescent Mounting Medium. Antibodies requiring only short fixation of the tissue were the anti-␤-gal, anti-VIP and anti-PDGFRa (30 min fixation at room temperature). Antigen retrieval using citrate buffer (Sigma) was performed for detection of Ki67.
Primary antibodies used were the following: rabbit anti-GFP (1:6000, Abcam); rat anti-GFP IgG2a (1:1000, Nacalai Tesque); chicken anti-GFP (1:500, Aves Labs); rabbit anti-␤ galactosidase ( , mouse anti-S100␤ (1:400, Sigma), rat anti-BrdU (1:50, AdB Serotec), mouse anti-ki67 (1:1000, BD Pharmingen). The rabbit anti-LHX6 (1:600 -1: 1500) antibody used in this study has been described previously (Lavdas et al., 1999) . Secondary antibodies used were Alexa Fluor 488-conjugated, Alexa Fluor 568-conjugated, and Alexa Fluor 647-conjugated goat anti-rabbit IgG or goat anti-rat IgG or goat anti-mouse IgG (all used at 1:750; Invitrogen).
Interneuron birth dating with BrdU. To label adequate numbers of interneurons, E13 and E16 pregnant mothers were given five doses 2 h apart of 2 mg of BrdU (20 mg/ml in PBS) (starting at 10:00 A.M.). The animals were killed 30 d after birth and brain tissue was processed for immunohistochemistry as described above. Following detection of the Venus signal, the floating sections were transferred onto slides and dried before being fixed first with 70% (v/v) ethanol/20% (v/v) acetic acid for 10 min at room temperature followed by 20 min at Ϫ20°C in 70% icecold ethanol. Sections were next incubated for 15 min at room temperature in 1% (v/v) Triton X-100 in PBS and then in 6 M HCl/1% Triton X-100 in PBS. Following three washes in PBS for 5 min each, anti-BrdU antibody was applied in block solution at 4°C overnight. Washing, secondary antibody incubation and mounting was performed as described above.
Quantification. For all quantification experiments a minimum of three mice were used for each genotype. The extent of colocalization between GFP/YFP/Venus and the various interneuron markers in each of the transgenic mice (Zic4-Cre Tg /R26R-YFP, Lhx6-Cre Tg /Dlx1-Venus fl and Dlx1-Venus fl ) was determined as previously described (Fogarty et al., 2007) . In all experiments quantification was performed in a defined area of the cortex (1250 m width and 30 m depth) spanning the pial-white matter extent of the cortex. In some cases this was subdivided into 5 equal bins and the numbers of cells in each bin was determined.
Results
Zic4-Cre transgenic mice label the septal germinal zone
The Zic family of transcription factors consists of five highly related zinc finger protein-encoding genes (Zic1-5) (Aruga, 2004) . Zic1, Zic2 and Zic3 have overlapping patterns of expression and are essential for development of forebrain midline structures during embryogenesis (Nagai et al., 1997; Aruga, 2004; Inoue et al., 2007 Inoue et al., , 2008 Maurus and Harris, 2009) . Zic4 expression has also been reported in the mouse forebrain (Gaston-Massuet et al., 2005) . We characterized the detailed expression pattern of Zic4 in the forebrain and generated transgenic mice carrying a genomic BAC that was modified to express Cre under control of Zic4 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). To fate-map Zic4 precursors and identify their neuronal progeny in the cortex we crossed these mice to the Cre reporter Rosa26-lox-STOP-lox-YFP (hereafter referred to as R26R-YFP) (Srinivas et al., 2001) .
Cre activity was observed at E10.5 in midline regions of the telencephalon in Zic4-Cre Tg /R26R-YFP ϩ/ Ϫ transgenic embryos (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Analysis of the expression of the endogenous Zic4 gene and the YFP reporter at E12.5 in wild type and transgenic embryos, respectively, showed Zic4 gene activity in the telencephalic midline (Fig. 1 A-J ) . Within the septal ventricular zone all proliferating neuroepithelial cells expressing Ki67, coexpressed YFP (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), indicating that the Zic4-Cre mice can be used to fate-map the septal germinal zone. Expression of Zic4 and YFP partly overlapped with Nkx2.1 (Fig. 1 K-LЉ) , which is expressed only in the posterior ventral septum (Flames et al., 2007) . In dorsal regions, endogenous Zic4 expression was observed in the cortical hem and the meninges (Fig. 1 A-D Tg /R26R-YFP ϩ/ Ϫ transgenic embryos was restricted to the subpallium and was excluded from Emx1-expressing pallial septal neuroepithelial cells ( Fig. 1 P, Q) .
Subpallial septal precursors do not generate Cajal-Retzius cells or GABAergic interneurons for the cortex
To identify septal-derived cells in the cortex we examined transgenic embryos at E16.5. The cortex was largely devoid of YFPexpressing cells at this stage when cortical interneurons migrating in from the subpallium are normally abundant. Some fibers immunopositive for YFP were detected in the cortex (Fig. 2 A, arrowheads). These presumably correspond to fibers originating in the thalamus where Cre recombination is abundant (Fig. 1 H-J ) . There was no expression of YFP within the Collagen IV (CIV)-expressing zone confirming the absence of Cre activity within the meningeal region (Fig. 2 B) . In addition, none of the Reelin (RLN)-expressing Cajal-Retzius (C-R) cells located in the cortical marginal zone (MZ) underneath the meninges coexpressed YFP (Fig. 2 A, C) , consistent with recent findings that septalderived C-R cells have a pallial septal origin (Bielle et al., 2005; Zimmer et al., 2010) . Immunolabeling of the adult cortex of Zic4-Cre Tg /R26R-YFP ϩ/ Ϫ transgenic animals with a range of markers that detect known cortical interneuron subtypes in mice showed a near complete absence of colocalization at all anterior-posterior levels of the cortex (Fig. 2 D-I; supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). The occasional YFP ϩ cells that were observed in the cortex coexpressed LHX6 (98.6% n ϭ 216 cells) (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material) suggesting that they are derived from adjacent MGE-territories where sparse Cre activity was sometimes observed (data not shown). Altogether our data indicate that the septum does not generate interneurons for the cortex.
Genetic strategy for subtractive labeling of cell progeny from the LGE/dCGE germinal zone To label the LGE and the dCGE and identify cortical interneurons derived from these regions we adopted a subtractive genetic labeling strategy. The Dlx family of homeobox genes includes six family members in mice, four of which (Dlx1, Dlx2, Dlx5 and Dlx6 ) are expressed in largely overlapping patterns in the developing forebrain (Bulfone et al., 1993; Simeone et al., 1994; Eisenstat et al., 1999; Liu et al., 2009) . At early stages, expression is restricted to the subcortical telencephalon and more caudally in defined diencephalic domains (Bulfone et al., 1993) . Later on, interneuron populations migrating from the subpallium to the cortex maintain Dlx expression and all four Dlx genes (Dlx1, Dlx2, Dlx5 and Dlx6 ) are essential for this migration (Anderson et al., 1997 Cobos et al., 2005 Cobos et al., , 2007 Le et al., 2007; Wang et al., 2010) . We made use of the expression pattern of Dlx1, to label migrating cortical interneurons as soon as they emerge from the subpallial germinal zones. Previous work using BAC transgenic mice expressing green fluorescent protein (GFP) under control of Dlx1 had shown that BAC RP23-440L10 can drive correct expression of GFP (Cobos et al., 2006) (http://www.gensat.org/). We modified the same BAC by inserting the Venus variant of yellow fluorescent protein into the Dlx1 gene. To allow in vivo subtractive labeling of interneuron subpopulations we flanked Venus with loxP sites (Fig. 3) .
Dlx1-lox-Venus-lox Tg (hereafter referred to as Dlx1-Venus fl ) transgenic embryos show high levels of Venus expression in the subcortical telencephalon including the septum, the MGE, LGE and CGE, the POA, the anterior entopeduncular area (AEP) and the amygdala, as previously described for the endogenous Dlx1 gene (Bulfone et al., 1993) (Figs. 4 A, 5A-F ) . Venus is detected in all LHX6-expressing migrating GABAergic interneurons (Fig.  4 B-BЉ) at E15.5 but is excluded from oligodendrocyte lineage cells (Fig. 4C-CЉ) , consistent with its proposed role in regulating neuronal versus oligodendroglial cell fate (Petryniak et al., 2007) . Coimmunolabeling of adult cortex from Dlx1-Venus fl mice for Venus and various interneuron markers showed colocalization of Venus with all markers examined [calbindin (CB), parvalbumin (PV), somatostatin (SST), calretinin (CR), neuropeptide Y (NPY), RLN and vasoactive intestinal peptide (VIP)] (Fig. 4 D-JЈ) . Unlike the endogenous Dlx gene which is maintained in only a subset of cortical GABAergic interneurons in the adult brain (Cobos et al., 2006) , expression of the Dlx1-Venus fl transgene was found to be maintained in the entire cortical GABAergic interneuron population (Fig. 4 K, L) as previously reported for this BAC (Cobos et al., 2006). The Dlx1-Venus fl transgenic mouse therefore allows us to follow the development of cortical GABAergic interneurons at all embryonic and adult stages.
To subtract the Venus tag from MGE and POA-derived cells and allow visualization of interneurons originating outside these regions we crossed the Dlx1-Venus fl mice to ones expressing Cre under control of Nkx2.1 (Fig. 5G-L) (Kessaris et al., 2006; Fogarty et al., 2007) . In the presence of the Rosa26-lox-STOP-lox-LacZ (R26R-LacZ) reporter allele we observed efficient removal of the Venus reporter in all Nkx2.1-Cre-expressing cells and their descendants [identified by expression of ␤-galactosidase (␤-gal)] (Fig. 5G-L) . These included the posterior septum, the MGE, the POA and the AEP (Fogarty et al., 2007) (Fig. 5H-J) . Although Venus expression can be observed throughout the mantle of the telencephalon, it is excluded from all ␤-gal ϩ cells confirming the efficient removal of the reporter fromtheNkx2.1lineage (Fig.5M-NЉ) .Venuspositive cells in the mantle of areas such as the MGE presumably represent migrating cells from Nkx2.1-negative germinal zones.
Our data demonstrate that our Dlx1-Venus fl transgenic mice in combination with Nkx2.1-Cre Tg can be used to trace cortical interneurons generated outside the MGE. Given that (1) the septum does not generate interneurons for the cortex and (2) Nkx2.1-Cre Tg recombines in the MGE, AEP and POA and subtracts the label from these germinal zones and their progeny, we can infer that any remaining Venus-positive interneurons migrating to the cortex in Nkx2.1-Cre Tg /Dlx1-Venus fl embryos are likely to be generated from the LGE/dCGE, with a small contribution from the dMGE where the Nkx2.1-Cre transgene recombines inefficiently (Fogarty et al., 2007) .
Interneurons generated from the LGE/dCGE enter the cortex late and migrate initially through the subventricular zone but not the MZ We compared the distribution of MGE/POA-derived cells in the cortex of Nkx2.1-Cre Tg /R26R-GFP ϩ/ Ϫ transgenic embryos, with the distribution of Venus-labeled cells in Nkx2.1-Cre Tg /Dlx1-Venus fl embryos (Fig. 6 ). At E13.5 when large numbers of MGEderived interneurons were present in the cortex and were advanced as far dorsally as the developing motor cortex, only a few LGE/dCGE-derived neurons were present (Fig. 6 A-E, K, P). These were all negative for LHX6, even at anterior levels of the cortex, confirming their LGE/dCGE origin (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). At E13.5 there are no POA-derived interneurons in the cortex (Gelman et al., 2009) . From E14.5 onwards LGE/dCGEderived interneurons were abundant at all anterior-posterior regions of the cortex (Fig. 6 F-J ) . Unlike MGE-derived interneurons which enter the cortex initially through the MZ and subventricular zone/intermediate zone (SVZ/IZ) (Lavdas et al., 1999) (Fig. 6 P, Q) , and POA-derived interneurons which invade the cortex through the MZ and subplate (Gelman et al., 2009 ),
LGE/dCGE-derived cells invaded the cortex initially through the SVZ avoiding the cortical plate and the MZ (Fig. 6 F -J, L, M,LЈ,MЈ) . By E16.5, LGE/dCGE-derived interneurons began to invade the cortical plate at all anterior-posterior regions of the cortex (Fig. 6 N, NЈ) . Increasing numbers of Venus-positive cells appeared in the MZ from E16.5 onwards (Fig. 6 N, NЈ) and by E17.5 large numbers of these cells were observed in the superficial layers of the developing cortex (Fig. 6O,OЈ) .
LGE/dCGE interneurons entered the hippocampal anlage at E14.5-E15.5 and accumulated in abundance by E17.5 (Fig. 6O) . This is consistent with previous suggestions that the CGE may be a major source of interneurons for the hippocampus (Nery et al., 2002; Yozu et al., 2005) . Altogether our data show that LGE/dCGE-derived interneurons enter the cortex 1-2 d later than the MGE-derived ones. They migrate initially within the deeper SVZ/IZ route and only later join the superficial MZ stream.
Distribution and identity of LGE/dCGE-derived interneurons in the postnatal cortex
We examined the postnatal distribution of LGE/dCGE-derived interneurons within the cortex and their identity in the adult animals. For this we made use of a mouse that expresses Cre under control of the Lhx6 gene (Fogarty et al., 2007) , which acts downstream of Nkx2.1 in postmitotic neurons (Du et al., 2008) . Lhx6-Cre recombines efficiently in all MGE-derived interneurons (Fogarty et al., 2007) . It was not possible, however, to use these mice for embryonic studies because we could observe remaining Venus fluorescence in ␤-gal ϩ migrating interneurons in Lhx6-Cre Tg /Dlx1-Venus fl /R26R-LacZ ϩ/ Ϫ transgenic embryos (data not shown). This was presumably due to expression of Lhx6-Cre in postmitotic neurons, as opposed to VZ precursors, and consequent carry-over of Venus protein inside the cells. Although Lhx6-Cre Tg does not subtract Venus from Nkx5.1-derived interneurons generated in the POA, the contribution of this region to interneurons of the cortex is small (Gelman et al., 2009) . Therefore, the distribution of Venus-positive cells in the cortex of Lhx6-Cre Tg /Dlx1-Venus fl pups largely reflects that of LGE/dCGEcells. At P1, the distribution of MGE and LGE/dCGE-derived interneurons within the cortex was similar (Fig. 7 A, B) (for quantification see Fig. 7G ). The majority of interneurons at this stage were found within the superficial layers. At all embryonic as well as postnatal stages the MGE-derived interneuron population was clearly larger than the LGE/dCGE-derived one (Figs. 6, 7) . The distribution of LGE/dCGE-derived interneurons changed little postnatally with the majority remaining within the superficial cortex where they ended up in the adult mouse (Fig. 7A,C , E, G-I ). In contrast, MGE-derived cells appeared to shift positions extensively at postnatal stages to gradually distribute themselves across the cortical layers with the majority residing within the middle layers of the cortex (Fig. 7 B, D, F, G-I ) .
Although most LGE/dCGE-derived interneurons were settled in superficial layers of the cortex, some were also present in deeper layers. To determine whether laminar fate is dependent on birthdate, we examined the distribution in the adult cortex of LGE/dCGE-derived interneurons born at E13 and E16. Proportionally more cells were located in the upper layers of the cortex regardless of their birthdate (Fig. 7J ) . The LGE/dCGE germinal zone generated more interneurons for the cortex at E13 compared with E16 [% of Venus ϩ BrdU ϩ cells out of the total number of Venus-positive cells was 22.4 Ϯ 0.2 SEM when females were injected with BrdU at E13 and 13.8 Ϯ 4.5 SEM when females were injected with BrdU at E16].
We also examined the identity of Venus-positive cells in the adult cortex of Lhx6-Cre Tg /Dlx1-Venus fl mice. Venus-positive cells coexpressed NEUN and Gad67 (% of Venus-positive cells coexpressing Gad67 mRNA was 93.7 Ϯ 3.2 SD) but not OLIG2, PDGFRa or GFAP, confirming their GABAergic neuronal identity (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). Colocalization was observed between Venus and the cortical interneuron markers CR, NPY, VIP and RLN, but not PV or SST and very little with CB, which have been shown to specifically label MGE-derived interneurons (Fig. 8 A-G ) (Wonders and Anderson, 2006; Fogarty et al., 2007; Miyoshi et al., 2007; Sousa et al., 2009) . Similar analysis performed in the CA1 region of the hippocampus showed colocalization between Venus and CR, NPY, VIP and nNOS but not PV or SST (data not shown). This is consistent with an MGEorigin of the latter two populations (Fogarty et al., 2007 ) and a dual MGE/CGE origin of CR ϩ , NPY ϩ and nNOS ϩ cells (Fogarty et al., 2007; Tricoire et al., 2010) .
We quantified the extent of colocalization between Venus and the interneuron markers examined. Nearly all of the RLN ϩ SST Ϫ and the VIP-positive cells as well as the majority of CR ϩ and NPY ϩ cells coexpressed Venus indicating that they are generated from LGE/dCGE-precursors (Fig. 8 H) . A small proportion of cells expressing NPY (but not PV, CR, SST or VIP) in our Lhx6-Cre Tg /Dlx1-Venus fl mice correspond to Nkx5.1-derived POA neurons. VIP ϩ and RLN ϩ SST Ϫ cells are thought to be nonoverlapping cortical interneuron populations that are distinct from the MGE-derived PV ϩ and SST ϩ RLN ϩ interneurons (Fogarty et al., 2007; X. Xu et al., 2010) . We find that VIP ϩ and RLN ϩ SST Ϫ cells account for the majority of interneurons generated from the LGE/dCGE (ϳ35% and ϳ26%, respectively, in the somatosensory cortex) (Fig. 8 I) . Most RLN ϩ SST Ϫ cells were located in the superficial cortex whereas VIP ϩ cells were distributed more across cortical layers with a bias toward the superficial cortex (Fig. 8 J) .
To compare the contribution of LGE/dCGE-and MGEderived cells to the total population of interneurons in the adult cortex we counted the total number of Venus-positive cells in Lhx6-Cre Tg /Dlx1-Venus fl mice and compared it to equivalent regions in Lhx6-Cre Tg /R26R-YFP and Dlx1-Venus fl mice (Fig. 8 K) . In total, across all layers, LGE/dCGE/-derived interneurons represented ϳ30 -40% of the total interneuron population (ϳ28% in the somatosensory cortex and ϳ39% in the motor cortex). A large number of these interneurons were located in the superficial layers of the cortex whereas higher densities of MGE-derived neurons were found in middle layers (Fig. 8 K) .
Discussion
We examined the contribution of subpallial septal and LGE/ dCGE germinal zones to neurons of the cortex. We demonstrate that the septum does not generate cortical interneurons whereas the LGE/dCGE together with the POA generate ϳ30 -40% of the total cortical GABAergic population.
LGE/dCGEderived interneurons enter the cortex later than MGE-derived ones and migrate initially in one stream. At early postnatal stages the distribution of MGE and LGE/dCGE-derived cells within the cortex is similar with most immature interneurons being located in the marginal zone. The LGE/dCGE-derived population redistributes little at postnatal stages and settles mostly within the upper cortical layers whereas the MGEderived cells move extensively to occupy middle and deeper layers. LGE/dCGE-derived neurons do not express PV or SST, which identify MGE neurons, confirming that spatially and molecularly distinct germinal zones generate different GABAergic interneurons for the cortex. This reinforces the view that genetic restriction of neuronal potential at the precursor stage contributes to the generation of interneuron diversity in the adult cortex.
Neurons derived from septal precursor domains do not migrate to the cortex Evidence that the septum may generate GABAergic interneurons for the cortex came from mice lacking the transcription factor VAX1. They have a small reduction in the size of the MGE but a complete loss of septal structures (Taglialatela et al., 2004) . Interneuron numbers in the cortex are severely reduced and interneurons migrating through the septum are missing from mutant embryos suggesting that the septum may be a major source of interneurons for the cortex (Taglialatela et al., 2004) . Our work shows that there are no interneurons in the cortex that have their origins in the septal neuroepithelium. The defect in the numbers of interneurons in the cortex of Vax1 mutants may be attributed to the severe loss of Dlx expression in the MGE (Taglialatela et al., 2004) , which is essential for cortical interneuron migration (Anderson et al., 1997) .
Migration of LGE/dCGE-derived neurons to the cortex
We observed an apparent difference between the migration of MGE-and LGE/dCGE-derived interneurons to the cortex. While the early MGE interneurons migrate into the cortex in two streams (the MZ and the SVZ/IZ) (Lavdas et al., 1999) , LGE/ dCGE-derived ones enter the cortex initially within the SVZ/IZ and only later appear in the MZ. Where did the MZ stream appear from and why was it not there at earlier stages? At E14.5 when LGE/dCGE cells enter the cortex there is already a well developed cortical plate. In order for neurons generated from the ganglionic eminences to reach the MZ they would have to first cross the cortical plate. Interneurons entering the cortex tangentially do not invade the cortical plate immediately but instead 'wait' for 24 -48 h during which time they migrate and disperse within the cortex (Ang et al., 2003; Tanaka et al., 2003 Tanaka et al., , 2006 Tanaka et al., , 2009 Ló pezBendito et al., 2008) . Consistent with these observations, the MZ stream of LGE/dCGE cells appeared within ϳ24-48 h of the SVZ/IZ stream coinciding with the time when cortical plate invasion could be observed. The stream of LGE/dCGE-derived interneurons that appears in the MZ may thus consist entirely or partly of interneurons originating in the SVZ/IZ stream. Recent evidence has shown that later-born MGE interneurons entering the cortex at E14.5 do so also within the SVZ/IZ. They later transiently enter the MZ before descending into the cortical plate (Tanaka et al., 2009 ). This may suggest that all ganglionic eminence-derived interneurons entering the cortex late follow the SVZ stream until they are able to cross the cortical plate.
Movement of interneurons from the SVZ to the MZ and vice versa has been reported in vitro and in vivo (Tanaka et al., 2003 (Tanaka et al., , 2009 . Cells moving from one stream to another would presumably have to reenter the cortical plate to take their final position. It is unknown why they change streams or why they do not remain within the cortical plate when they first invade it. It is possible that signals from pyramidal neurons are initially absent thus allowing interneurons to disperse further before reentering the cortical plate and ending their journey. Radial migration of interneurons continues until the early postnatal stages when these cells acquire their final layer positions. Although the overall distribution LGE/dCGE-derived interneurons changed little at postnatal stages, it was impossible to determine from static images of the entire population whether and how much movement was taking place. LGE/dCGE-derived interneurons may be moving postnatally but without changing the overall distribution. Our Lhx6-Cre Tg /Dlx1-Venus fl mice will allow us for the first time to examine the movement of LGE/dCGE-derived interneurons separately from their MGE-derived counterparts.
Are MGE-and LGE/dCGE-derived interneurons guided into the cortex by different signaling systems? Signaling through Semaphorin/Neuropillin, Neuregulin 1/ErbB4 and Cxcl12/Cxcr4/7 have all been implicated in cortical interneuron guidance (Stumm et al., 2003; Flames et al., 2004; Tiveron et al., 2006; Li et al., 2008; Ló pez-Bendito et al., 2008) . Whether the same signaling systems guide both the MGE and the LGE/dCGE interneurons is unknown. The fact that the two populations follow the same migration routes to reach and navigate through the cortex, albeit at different times, strongly suggests that they follow the same cues. Recent transcriptional profiling experiments suggest that LHX6 may regulate interneuron migration by promoting the expression of the ErbB4, Cxcr4 and Cxcr7 receptor genes (Zhao et al., 2008) . If true, and if MGE and LGE/dCGEderived interneurons follow the same signals to enter the cortex, then different mechanisms must have evolved to regulate expression of the same receptors in the two lineages, given that expression of LHX6 is restricted to the MGE. Unlike MGE and LGE/dCGE interneurons, POA-derived ones enter the cortex initially through the MZ and subplate, avoiding the SVZ (Gelman et al., 2009 ). This may suggest that POA interneurons follow unique cues to enter the cortex. Comparative transcriptional profiling of migrating cortical interneuron cohorts with different embryonic origins will allow us to examine the differences among them and potentially identify differential regulators of migration and cell fate.
Subtype identity of interneurons generated from the LGE/dCGE 30 -40% of all cortical GABAergic interneurons are generated from the LGE/dCGE and include subtype expressing the neurochemical markers CR, NPY, VIP and RLN. VIP ϩ and RLN ϩ SST Ϫ interneurons are generated exclusively from germinal zones outside the MGE and represent the majority of LGE/dCGE-derived interneurons. Our data are consistent with recent inducible fate-mapping studies of CGE-derived cells whereby the neurochemical and physiological identity of these cells has been characterized. Other markers identifying CGE interneurons include the transcription factor COUPTFII (expressed preferentially but not exclusively in CGE cells) (Kanatani et al., 2008; Miyoshi et al., 2010) and the Serotonin 3A (5-HT 3A ) receptor gene (Vucurovic et al., 2010) . The role of these genes in CGE interneuron development is unknown although COUPTFII is likely to be involved in the caudal migration (Kanatani et al., 2008) . Other molecular determinants of dCGE cell fate and development remain to be identified.
shown for cortical projection neurons (Shoemaker and Arlotta, 2010) . Whether it occurs for cortical interneurons remains unknown.
Our subtractive labeling approach has enabled us to tag cell progeny from germinal zones that lacked unique expression of molecular markers. Similar subtractive and combinatorial fatemapping work will allow further refinement of subcortical VZ subdivisions to determine the full extent of the contribution of germinal zone specialization to cortical interneuron diversity.
